exposed to air (e.g., drying-induced shrinkage). More recent alternatives involve dry, but soft and tacky, materials in which direct contact and/or capacitive coupling occurs between a conducting fi lamentary metal mesh supported by an ultralow modulus elastomer support. This composite structure can conform to the skin and accommodate natural motions, with an elastic response to strains up to several tens of percent and moduli that are substantially lower than those of the skin itself, in forms that are dimensionally stable when exposed to biofl uids and air. [ 7, 16 ] Reversible integration with measurement systems requires, however, interconnects that are often cumbersome and fragile. Related approaches use nanomaterials (silver nanowires, graphene fl akes, carbon nanotubes, etc.) coated on and/or embedded throughout the elastomer. [19] [20] [21] [22] [23] [24] These options offer many attractive features, but precise dimensional control over the electrode geometries and interconnects can be diffi cult to achieve using existing manufacturing methods, and via connections for front to back side integration require specialized designs. Also, in most cases, the constituent nanomaterials are not commonly found in conventional electronics technologies.
Here, we present materials, integration strategies, and wireless electrophysiological recording demonstrations of an electrode structure that provides some key advantages over alternatives. The designs involve soft, composite layouts with embedded magnetic materials and a folded confi guration. The result is a dry, long-lived interface to the skin, with reversible magnetic coupling to a separate measurement platform as a means to facilitate replacement, cleaning, and re-use. Systematic studies of the materials, the mechanical properties, the contact impedances to the skin establish the fundamental aspects of this materials technology. Demonstrations in continuous wireless EEG, EMG, ECG, and EOG recordings over several days establish the utility in practical applications. Figure 1 presents a schematic diagram that shows a representative ferromagnetic, folded composite structure resting on a thin permanent magnet (NdFeB). The electrode incorporates a thin, fi lamentary serpentine wire mesh (yellow) that bonds to and wraps around a soft ferromagnetic core (black) via a thin, tacky elastomer adhesive shell (gray). The mesh serves as the recording interface (direct or capacitive, depending on the absence or presence of a dielectric overcoat on the metal) and adopts a lithographically defi ned network design to allow biaxial stretchability. The exposed regions of the low-modulus adhesive/ferromagnetic bi-layer provide adherent interfaces to the skin, with suffi cient strength to maintain robust conformal contact under natural deformations associated with limb movements and muscle contractions. This contact prevents relative movement between the electrodes and the skin, thereby minimizing noise from motion artifacts. On the other side, the mesh electrically couples to a thin permanent magnet via a magnetic force of attraction that exceeds the strength of adhesion of the other side to the skin. The magnet also provides, on its back side, a permanent electrical bond to the recording hardware. Figure 1 b shows a sequence of fabrication steps. As described in the Experimental Section, the mesh electrodes consist of fi lamentary traces with widths of 100 μm and thicknesses of 1-2 μm (200 nm Au/10 nm Cr/1.2 μm polyimide for direct contact; 1.2 μm polyimide/200 nm Au/10 nm Cr/1.2 μm polyimide for capacitive contact). Fabrication involves photolithographic patterning of metals deposited by electron beam evaporation on a sacrifi cial layer of polymethylmethacrylate (PMMA, 1 μm). Immersing the sample into acetone for 1 h allows retrieval of the mesh onto a water soluble tape. Spin coating and thermally curing a tacky, ultralow modulus formulation of a silicone polymer ( Silbione Firm Gel, Bluestar Silicones, France, E ≈ 20 kPa) and a soft ferromagnetic composite formed by mixing uncured polymer with carbonyl iron (CI) powder (Sigma-Aldrich, USA, diameter ≈ 2 μm), as shown in Figure 2 , forms a bilayer on the exposed surface of the mesh. The spherical iron particles of the CI powder randomly mix and disperse in the silicone polymer matrix. The particles have varying numbers of concentric layers of α-iron between which cementite (Fe 3 C) stabilizes the structure. [ 25 ] The onion-like structure of the particles prevents the displacement of domain boundaries under an applied magnetic fi eld. A result is that the magnetic hysteresis losses are very low. [ 26 ] As previously reported, [ 27 ] CI particle-fi lled siloxane elastomers involve physical embedding of the particles without signifi cant chemical interactions. The resulting composite maintains its magnetic properties up to temperatures of 150 °C, where amorphous layers of cementite prevent the crystalline phase of α-iron from oxidation. [ 25 ] Since the maximum temperature of the fabrication process outlined above is 70 °C, the CI particles retain their magnetic permeability.
Results and Discussion
As shown in Figure 1 b, partially curing the polymers, folding the structure in half, completing the curing process and then dissolving the water soluble tape (immersion in water for 1 h) yields stretchable magnetic electrodes. Figure 1 c,d shows an optical image of a sample and a scanning electron microscope image of the folded region.
In use, as shown in Figure 2 a, the electrode is in conformal contact with the skin on one side and with a thin magnet bonded to a wireless data acquisition and transmission system on the other. This confi guration provides a mechanically compliant, electrically conductive channel, via the folded mesh, between the skin and the wireless system through the magnet. The middle layer, consisting of CI particles in a soft adhesive, silicone matrix, is magnetic and non-conductive. [ 28 ] Because the magnetic force exceeds the adhesion force, the system can be peeled away from the skin without delaminating the electrode from the wireless system. At the same time, the magnetic coupling allows reversible release of the electrode for cleaning or replacement. Figure 2 b shows that the ferromagnetic particles in the elastomer matrix are nearly spherical in shape, with diameters between 1 and 3 μm and a mean of ≈2 μm. As plotted in Figure 2 c, the magnetization curves obtained using a SQUID magnetometer indicate that the magnetization density rapidly increases with the strength of the external magnetic fi eld, and then saturates at 2.2 T when the fi eld strength reaches at 600 kA m −1 . Under the action of an external magnetic fi eld, each particle embedded in the elastomer can be magnetized to form a magnetic dipole. The resulting magnetization is further increased by the local magnetic fi elds exerted by surrounding particles. With this strong magnetic interaction, as shown in Figure 2 d, the fabricated electrode composite exhibits 10 times higher adhesion to the magnet (or device direction) than that of the skin. [29] [30] [31] Measurements of adhesion strength involve a peeling mode with a force gauge (Mark-10, USA). Each reported result corresponds to an average of measurements on three samples.
As depicted in Figure 2 e,f, this type of magnetic stretchable electrode, unlike conventional hydrogel electrodes, retains its original weight when exposed to different levels of humidity. The dimensional instability of the hydrogel adversely affects adhesion strength, contact area, electrical impedance to the skin, and it leads to unpredictable sensor performance.
The soft mechanics is critically important for an intimate, non-irritating interface to the skin. Figure 2 g summarizes results of measurements of the elastic modulus of ferromagnetic composite formulations with different volume fractions of CI particles. As the volume fraction increases, the resulting elastic modulus also increases, as might be expected. At the continuum level, the stiffness of a composite depends on some weighted combination of the stiffnesses of the individual constituent materials. [ 32 ] The experiments are, in fact, consistent with the Einstein theoretical model of the effective Young's modulus of particle-fi lled solids, shown by the dotted green line. This model is simply: G = G 0 (1 + 2.5 Φ ), where G and G 0 are the elastic moduli of a composite and a pure elastomeric material without particles and Φ is the volume fraction. [ 33, 34 ] As an electrode, lower modulus is desirable to provide free deformation and conformal contact with the skin. At the same time, the electrode must offer suffi ciently strong magnetic interaction to the magnet for secure integration. A balance of these considerations led to our choice of 0.1 volume fraction, which yields a material with modulus comparable to the skin ( E ≈ 130 kPa) and an attractive force of interaction with the magnet that is signifi cantly higher than that associated with adhesion to the skin.
As plotted in Figure 2 h,i, the full electrode structure also has a low modulus, elastic behavior under large strain deformation. The total stretchability (more than 150%) and skin-like modulus ( E ≈ 40 kPa) are key characteristics. Figure 2 j-l shows the deformed shapes and distributions of strain determined by 3D fi nite-element analysis under uniaxial/biaxial stretching and bending. The serpentine design leads to strains in the electrode materials that are ≈2 orders of magnitude smaller than those in the elastomers. The uniaxial/biaxial elastic stretchability and bendability are 25%, 24%, and 0.46 mm −1 , respectively, for ≈0.3% yield strain of Au.
Accurate and reliable recording of EP signals benefi ts from low impedance, temporally stable contacts to the skin. As a summary of results, Figure 3 a-h presents the measured impedance to the skin for various parameters: electrode type, fi lling factor, skin hydration, and frequency. The measurements involve a pair of identical electrodes (contact area = 1 cm by 1 cm; distance between two electrodes = 5 cm) laminated on the Figure 3 a,b presents results for different types of electrodes. The commercial hydrogel electrode exhibits lower impedance than direct or capacitive magnetic stretchable electrodes (measured with comparable overall areas, rather than just electrical interface areas) but its impedance signifi cantly increases after 50 h due to effects of shrinkage and evaporative drying while that of the other electrodes remains constant. The magnetic stretchable electrodes have impedances that depend on fi lling factor (active sensing component, as defi ned by the area of the serpentine structure, to total electrode area), skin hydration level, and frequency. The impedances show a linear dependence on frequency in log-log scale as shown in Figure 3 c-f, and an inverse dependence on fi lling factor in linear-linear scale as shown in Figure 3 g,h.
A simple equivalent circuit model yields some insights. As in Figure 4 a, the electrodes lie between the electrical lead-out (or thin magnet bonded on contact pad) and the skin (or epidermis). The associated model is in Figure 4 b. [ 35, 36 ] Here, the voltage source E hc corresponds to the half-cell potential, the capacitance C d indicates the electrical charge accumulated between the electrode and the skin, is related to the sweat and the underlying skin tissue, such as epidermis, dermis, and subcutaneous layers. The resistance of the sweat and underlying skin tissue ( R s ) should be in series with R d and C d . In this model, the electrochemical impedance, current variance caused by sinusoidal potential perturbation, is simplifi ed by two components of the charge transfer (faradaic current) and double layer capacitance on the surface of the electrode. The resistance in sweat and tissue affects the total impedance since both the charge transfer and capacitance depends on the solution resistance, R s . However, R s , alone itself, cannot be an independent current path. In this study, we chose the equivalent circuit model from Oliveira et al. [ 35 ] This model is the most simplifi ed version to describe electrochemical impedance of the electrode in electrolyte. The reference has similar geometrical confi guration and resulting electrical impedance of their electrode to those of our electrode. As in Figure 4 c, fi ts to the data (Levenberg-Marquadt algorithm) yield values for the key parametrs. In Figure 4 d, as the areal fi lling factor increases, the capacitance also increases but both resistances decrease. This analysis indicates that larger active sensing areas provide higher capacitances and lower resistances, as might be expected. As presented in Figure 4 e, the model parameters remain constant over several days, in contrast to those for hydrogel electrodes. A commercially available hydrogel electrode (AG735, Axelgaard Manufacturing, USA) provides a useful point of comparison. As shown in Figure 4 e, the fi tted R d , C d , and R s values of the hydrogel electrode with the circuit model are 0.12 Mohm, 0.2 nF, 3.1 kohm, consistent with previous reports ( R d , = 0.1-1 Mohm, C d = 0.1-10 nF, and R s = 0.1-10 kohm). [ 37, 38 ] These parameters, of course, depend on the geometries of the electrodes and the chemical composition of the hydrogel. magnet (NdFeB) with a force that provides reliable electrical contact and mechanical coupling. A conductive epoxy (CircuitWorks, CW2400, USA) bonds the magnets to solid metal pads on the BiostampRC, with negligible resistance (<0.001 ohm-cm). The shell elastomer serves as a soft adhesive ( Silbione Firm Gel, Bluestar Silicones, France, E ≈ 20 kPa) to the skin. In this way, various EP signals, including electrocardiogram (ECG), electromyogram (EMG), electroocoloculogram (EOG), and electrocepharlogram (EEG) can be captured and stored locally in the BiostampRC memory module or continuously transmitted to an external receiver via a Bluetooth protocol. In these experiments, we used two different BiostampRC devices. Compared to the device for capacitive contact, the other one for hydrogel and direct contact is designed to have a compensative capacitor to analog front end of the device. With this target-oriented circuit modifi cation, EP signals are successfully collected. Figure 5 c-f summarizes results of various experiments. As a fi rst example, ECG signals acquired with both capacitive-and direct contact electrodes from the chest show clearly the P wave, the QRS complex, and the T wave with a quality of measurement that is comparable to that of data using hydrogel electrode. EMG signals captured from the fl exor carpi radialis of the forearm show similarly high quality. In this case, the signal-to-noise ratio (SNR) ranges from 8.2 to 13, suitable for use in both clinical applications and human-machine interfaces (HMI). [ 9, 39 ] Placing the device near the left or right eyes allows recording of EOG signals. The experiments involved data collection while the subject moved his eyes up and down. As can be seen in Figure 5 e, the data capture eye movement accurately, with potential for use in ophthalmological diagnosis in training procedures and in human-machine interfaces. As a last example, EEG signal collected with a device on the mastoid clearly shows alpha rhythms with frequencies between 8 and 12 Hz when the eyes are closed, of potential relevance in cognitive state monitoring and brain computer interfaces. [ 39 ] A series of experiments of wireless EMG monitoring highlight long-term usability of the system. As in Figure 6 , the quality of EMG signal from the fl exor carpi radialis of the forearm recorded with a hydrogel electrode degrade quickly due to unavoidable evaporation of water. The signals and their SNR value captured using these dry, soft magnetic electrodes maintain their original quality. The limit of detection of their electromyogram are ≈0.05 mV for capacitive contact electrode, ≈0.04 mV for direct contact electrode, 0.01 mV for fresh hydrogel contact electrode, and 0.5 mV for dried (8 d later) hydrogel contact electrode in room temperature and atmosphere. In this case, the sensitivity levels, which means EMG response amplitude for almost same muscle groups for similar activities are similar for each case.
Conclusion
The materials, designs, and integration strategies presented here provide a framework for ferromagnetic, folded, soft electrodes with capabilities in long-term use and system-level integration in EP monitoring. The main advantages of this system are in 1) intimate and persistent contact to the skin, without irritation, 2) dimensionally stable, engineered designs for robust adhesion and electrical measurement interfaces to the skin, and 3) direct and reversible bonding to external wireless recording/transmission electronics by magnetic force. As an advanced form of epidermal electronics, these design schemes are fully compatible with the most sophisticated EP monitoring system that are commercially available. These same concepts can apply to many other types of epidermal electronics with various other measurement modalities, including those that involve thermal, mechanical, and chemical sensing.
Experimental Section
Fabrication of the Electrode Composite : Polymethylmethacrylate (PMMA, 100 nm) coated on a glass slide (70 × 50 × 1.0 mm 3 ) served as a sacrifi cial layer to facilitate release. Spin casting and thermal curing (2 h at 250 °C in a vacuum oven) a fi lm of polyimide (PI; 2 μm in thickness, HD Microsystems, USA) yielded an overcoat on the PMMA. Photolithographic patterning of bi-layers of Cr (10 nm)/Au (200 μm) formed by electron beam evaporation (AJA International, USA) defi ned the conductive elements of the mesh. Reactive ion etching (50 mTorr, 40 sccm CF4, and 100 W for 10 min) of the exposed PI created an open architecture layout to provide mechanical stretchability and exposed regions to www.afm-journal.de www.MaterialsViews.com facilitate adhesion to the skin. Undercutting removed the PMMA layer to allow release onto a water-soluble tape (Aquasol, USA) for subsequent integration with a pre-strained compliant and sticky elastomeric substrate ( Silbione Firm Gel, Bluestar Silicones, France, E ≈ 20 kPa). Spin-casting a layer of silbione and a layer of soft adhesive formed by mixing carbonyl iron powder with uncured silbione at a 1:9 ratio by volume, formed a bilayer on the surface of the tape. Partially curing these materials by heating to 70 °C in an oven for 10 h, folding electrode in half and then completing the cure by continued baking for 24 h completed the fabrication. Dissolving the water-soluble tape by dipping the samples into water and drying them at room temperature and atmosphere prepared the electrodes for integration with the recording apparatus and the skin.
Measurements of Magnetization : The magnetization curves of the electrode composite were determined with a superconducting quantum interference device magnetometer (S600X SQUID susceptometer, UK).
Measurements of Stress-Strain Responses : Mechanical properties of all samples were measured with a dynamic mechanical analyzer (DMA; TA instruments, Q800). Characterizing the applied force versus the displacement under uniaxial tensile loading at room temperature yielded data for determination of the mechanical modulus. Each of the reported results corresponds to an average of measurements on three samples.
Finite-Element Analysis : ABAQUS commercial software [ 40 ] was used to study the mechanics of a mesh electrode [200 nm thick Au (elastic modulus 80 GPa and Poisson's ratio 0.44)/1.2 μm thick PI (elastic modulus 2.5 GPa and Poisson's ratio 0.34)] on a bi-layer substrate [0.5 mm thick layer of silbione (elastic modulus ≈20 kPa and Poisson's ratio 0.5)/0.5 mm thick ferromagnetic layer (elastic modulus ≈30 kPa and Poisson's ratio 0.5)]. Eight-node 3D solid elements and four-node shell elements were used for the bi-layer substrate and electrode, respectively, with refi ned meshes to ensure the accuracy.
Measurement of Electrical Impedance : Quantitative analysis of electrical impedances between the stretchable magnetic electrodes and the skin over a frequency range of 1-100 kHz was performed with a precision LCR meter (Agilent, E4980A, USA).
Device-Level Integration of the Stretchable Magnetic Electrodes : Bonding and room temperature curing of thin (2 mm) permanent magnets (NdFeB) onto contact pads of on a BiostampRC monitoring system utilized a conductive epoxy (CircuitWorks, CW2400, USA). Assembling the electrode composites onto the magnets relied on magnetic interactions between these two components. An adhesive, fabric liner bonded the non-electrode regions of the BiostampRC platform to the skin.
Experiments on Human Subjects : All experiments on human skin were conducted under approval from Institutional Review Board at the University of Illinois at Urbana-Champaign (protocol number: 13229).
